Abstract: Brazil plays a major role in the global biofuel economy as the world's second largest producer and consumer and the largest exporter of ethanol. Its demand is expected to significantly increase in coming years, largely driven by national and international carbon mitigation targets. However, biofuel crops require significant amounts of water and land resources that could otherwise be used for the production of food, urban water supply, or energy generation. Given Brazil's uneven spatial distribution of water resources among regions, a potential expansion of ethanol production will need to take into account regional or local water availability, as an increased water demand for irrigation would put further pressure on already water-scarce regions and compete with other users. By applying an environmentally extended multiregional input-output (MRIO) approach, we uncover the scarce water footprint and the interregional virtual water flows associated with sugarcane-derived biofuel production driven by domestic final consumption and international exports in 27 states in Brazil. Our results show that bio-ethanol is responsible for about one third of the total sugarcane water footprint besides sugar and other processed food production. We found that richer states such as São Paulo benefit by accruing a higher share of economic value added from exporting ethanol as part of global value chains while increasing water stress in poorer states through interregional trade. We also found that, in comparison with other crops, sugarcane has a comparative advantage when rainfed while showing a comparative disadvantage as an irrigated crop; a tradeoff to be considered when planning irrigation infrastructure and bioethanol production expansion.
Introduction
The interdependency between land, energy, and water systems has gained increasing interest as demand for these vital resources is growing around the world, leading to resource scarcity and adverse environmental impacts [1] . At the same time, there is increasing competition for these resources from other economic sectors, domestically and from abroad. The stress on these resources is further enhanced through their vulnerability to climate change. Several world regions are already Phosphorus and Potassium) are one of the main causes of impacts on water quality associated with its production, leading to eutrophication in water bodies and aquatic systems. The industrial processing of ethanol is another important source of pollution through the generation of wastewater and vinasse (liquid byproduct of ethanol), produced from the distillation process, both rich in organic matter and therefore increasing the BOD (biochemical oxygen demand) of the water bodies [11] . The pollution of watercourses and bodies not only impacts the ecological equilibrium of the receiving ecosystems, but also affects other water uses downstream, limiting the access to freshwater to other users and increasing treatment costs.
Given the potential increase of external demand driven by on-going international commitments for climate change mitigation, it becomes critical for Brazil to consider regional differences in water availability. This is needed to avoid transferring the negative environmental impacts of meeting international bioenergy mandates to the producing regions, potentially aggravating already complex water resource problems [12] .
Yet previous analyses considering the overall water availability at the national level have largely ignored potential impacts on water resources at state or local levels driven by future increased biofuel production. This is especially relevant in more water stressed regions and states with increasing competition for water use among economic sectors along their national and global supply chains. This is echoed by [13] , who assessed the direct and indirect impacts on water consumption of the power sector in major emitting economies, including Brazil, under the Nationally Determined Contributions (NDCs) and longer-term mitigation scenarios and concluded that in light of geographically uneven water scarcity, climate policy decisions concerning the biofuels sector should consider not only on-site water demands, but also the virtual water input from upstream sectors, as well as the virtual water embedded in goods that move in national and international trade.
Another important shortcoming of the literature on the water footprint of biofuels in Brazil is their main focus on blue (irrigation) water driven by sugarcane production. However, it is key to include the green water footprint in the analysis because of the competition for rainwater between crops [3] . Introducing the green water footprint allows one to account for the water footprint associated with irrigated and rainfed sugarcane production, which ultimately is an indicator of the tradeoffs between water and land impacts of sugarcane production. Also, the expansion of biofuel crops may lead to water pollution, thus limiting the availability of water to other crops or sectors due to water quality impacts of the utilization of fertilizers and pesticides.
This study analyzes the spatial distribution, at the state level, of virtual water flows and the water footprint associated with sugarcane-derived ethanol production and consumption in Brazil. By applying an environmentally extended multiregional input-output (MRIO) approach, we estimate the water footprint, including blue, green, and grey water; the scarce water footprint; and the interregional virtual water flows across Brazil at the state level driven by ethanol production and international exports. We also use a comparative advantage ratio to assess the competitiveness of sugarcane compared to other crops in terms of the value added per unit of water consumption.
Materials and Methods
Using MRIO analysis, we calculated production and consumption-based WF and scarce water footprints (SWF) of bioethanol and associated virtual water flows associated with interregional and international trade. The SWF is the original WF weighed by the water scarcity in the catchment (aggregated to the state level) where the WF is located; this provides a water-scarcity weighted WF that reflects the potential local environmental impacts of water consumption [14] . Through this analysis, we explored the comparative advantage of using water to produce sugarcane (the major crop for biofuel production in Brazil) versus other agricultural crops and other economic sectors across Brazil.
Data Sources
We used an MRIO table for Brazil for the year 2011 at the state level (27 states). The MRIO tables were built based on 27 state I-O tables and estimated inter-regional trade flows [15] [16] [17] . The database offers a highly detailed description of the economy with 149 sectors, including 18 agricultural sectors; three primary energy sectors; seven power generation sectors; and two biofuel production sectors, including one for sugarcane-based ethanol, providing more detail than previous studies.
To estimate the green, blue, and grey water footprint for the agricultural sectors, we combined state-level water consumption factors in m 3 /ton from the Water Footprint Network [18] , linked to crop data from the National Census of Agriculture [19] including 35 permanent and 31 temporary crops that we aggregate to match the MRIO sectors.
In this way, we were able to capture both rainfed and irrigated agriculture, compared to previous studies in Brazil, which have focused on water consumption associated with irrigation and therefore are limited to the blue water footprint. For the remaining sectors, we focused our analysis on the blue water and grey water footprint, assuming that the green water footprint applies specifically to agricultural sectors.
For the livestock sectors, we calculated the direct water consumption coefficient by using the methodology of the ONS (National Operator of the Electrical System) [20] , for different species and combined with the production of municipal livestock statistics from the Brazilian Institute for Geography and Statistics (IBGE) [19] . To convert from water withdrawal to water consumption (blue water), we adopted the return flow ratio proposed by the ONS for all species (0.2). To calculate the grey water footprint, we applied the blue water/grey water ratios for different livestock species in Brazil from Mekonnen and Hoekstra [21] .
For the water supply and sanitation sector, we obtained the water withdrawals at the state level by combining the per capita water consumption rate (l/person/day) from the National Environmental Sanitation Secretariat (SNSA) [22] , combined with the equivalent population per state according to the 2010 Census [23] , from which we discounted the distribution losses per state according to SNSA [22] . To convert into water consumption (blue water), we applied 0.8 as the return flow rate according to the Brazilian Association of Technical Standards (ABNT) [24] . To estimate the grey water footprint for the domestic water supply, we applied the relation factor blue/grey water footprint for Brazil from Mekonnen and Hoekstra [25] .
Regarding primary energy, we used the water consumption factors by source from Gleick [26] , which were combined with the production values from the Oil National Agency (year 2011) [27] in the case of oil and gas sectors and from the National Department for Mineral Production [28] for coal (year 2010). For the bioenergy production sectors, we used the water consumption coefficients from the Foundation Bank of Brazil (FBB); MMA: Foundation to support the Federal University of Vicosa [29] for the sugarcane-based ethanol and from the US Sandia National Laboratories for biodiesel [30] in the case of the non-ethanol biofuels sector. In relation to the power generation sectors, the amount of blue water was calculated by multiplying the power generation by source and state from the Brazilian Energy Research Institute [31] by the consumption coefficients for each technology from NREL [32] . For the specific case of hydropower, we used the consumption (evaporated) water coefficient for Brazil [33] . The grey water footprint was considered negligible for these sectors compared to agricultural and urban wastewater pollution. See Table 1 for an overview of data sources and steps.
Since this research intends to address the competition for water resources among biofuel production, agriculture and livestock (food production), energy and electricity, and urban water supply, it is important to clarify that we did not include the water footprint assessment for other sectors (such as mining and industry), which provides a limitation of this study and an underestimate of the potential water impacts. To estimate water scarcity, we used Raskin's definition of water scarcity [34] as the ratio of total water withdrawal (TWW) to total water availability (TWA). The water scarcity index (WSI) is thus given by WSI = TWW/TWA. This concept is referred to in the literature as the withdrawal-to-availability (WTA) index and the water resources vulnerability index (WRVI). We used the water balance database provided by the National Water Authority (ANA) [35] to calculate the WTA at the state level. In this database, the WTA is detailed at the micro-watershed level, with a total of 558,699 watersheds. To make this data compatible with the spatial detail of the MRIO table, the state WTA was obtained by aggregating the value of the micro-watersheds within each state boundary by using GIS. The state's fresh water consumption was then multiplied by the state WTA index to obtain the scarce water consumption at the state level. According to ANA, the proposed categorization for the WTA thresholds follows that adopted by the European Environment Agency and the United Nations, as follows: (i) excellent conditions for a WTA < 5%; (ii) comfortable conditions when 5% < WTA < 10%; (iii) worrisome conditions when 10% < WTA < 20%; (iv) critical conditions for 20% < WTA < 40%; and (v) very critical conditions when WTA > 40%.
Multiregional Input-Output Model
MRIO analysis is a widely used modeling approach, which enables analysts to explore the entire supply chain and the associated ('embodied') emissions or natural resource use. At its core, it is an accounting procedure relying on regional economic input-output (IO) tables and inter-regional trade matrices, depicting the flows of money to and from each sector within and between the interlinked economies, and thus revealing each sector's entire supply chain. The MRIO modeling approach has been frequently used in water footprint and virtual water studies by utilizing the IO ability to quantify direct and indirect (upstream supply chain) water consumption for sectorial production at regional, national or global scales [36] [37] [38] [39] [40] [41] .
In this study, we apply the MRIO approach to assess virtual water flows across 149 sectors and 27 Brazilian states. The MRIO database for Brazil contains the intermediate consumption matrix Z, the final consumption matrix Y, the value added vector v, and the international export vector e. To estimate the virtual water in intra-and inter-regional supply chain to satisfy final consumption including international exports in each state, we extended the MRIO framework with a water coefficient matrix K, which covers green, blue, and grey water coefficient vectors, in addition to water scarcity-weighted water coefficients to account for scarce water. To distinguish the consumptive water and water scarcity-weighted consumptive water, we refer to them as fresh water and scarce water, respectively.
To calculate virtual water flows (VW), we extended the MRIO system based on Leontief's demand-drive model, Equation (1) , with the water coefficient matrix, as follows:
where x is a vector of the gross output of the 3969 industry sectors; I is an identify matrix; A = Z/x, is a technical coefficient matrix describing inputs into the production of industry sectors to produce one unit output of these sectors and the hat symbol denotes the diagonalization of gross output vector x; (I − A) −1 is the Leontief inverse matrix which captures the total input requirement to produce one unit of final consumption product; and y is the summation of rows for final consumption matrix Y. By incorporating the water coefficient k, we may derive a water multiplier matrix, which can be used to calculate total virtual water flows in Brazil:
where VW dom is a matrix containing virtual water flows from the industry sectors in different states to satisfy their own final consumption (e.g., household consumption, governmental expenditure, capital investment) and other states' final consumption (e.g., exports of final products to other states); k is a matrix with water coefficients on its diagonal; andk may be used as the water coefficient matrix for green, blue, or grey water and scarce green, blue, or grey water.
To calculate virtual water in international exports from Brazil to foreign countries, we replaced the final consumption matrix Y with the international export vector e:
where VW r exp is a vector of virtual water from different sectors in different states that is consumed for the production of international exports in state r.
The total WF at the state level in Brazil can then be calculated by the summation of domestic virtual water flows (VW dom ) from all industry sectors associated with the final consumption of water in each state using Equation (4).
where i indicates each industrial sector in a given state. Since we do not have the physical data for the share of sugar cane for biofuel, sugar production, and others, we separated the water consumption of sugar cane production into these three categories using the shares of each one from the MRIO database. In the MRIO table, there are separate sectors for sugar production and biofuel production.
Total Water Footprint
To provide a comprehensive and complete overview of freshwater appropriation by biofuels, there is a need to consider consumptive water uses, as well as water pollution. The pollution of freshwater resources not only poses a threat to environmental sustainability and public health, but also increases the competition for freshwater [42] .
We used the green, blue, and grey water footprint of crops estimated by [18] . Their database details the green, blue, and grey water footprint of 126 crops in a 5 by 5 arc minute grid expressed in m 3 ton −1 . To estimate the green, blue, and grey water footprint for each of the crops detailed in the MRIO table, we multiplied the aggregated value of the water footprint (blue, green, and grey) at the state level by the respective sectorial production in tons for the given state. We then incorporated the estimated water footprint for each sector and state into our model through the row vector for water consumption to obtain consumptive blue, green, and grey water footprints. It is important to highlight that these water footprint factors reflect the water consumptive uses of water and not water withdrawals.
Comparative Advantage Ratio
We used a comparative advantage ratio aggregated to the state level to assess the competitiveness of sugarcane compared to other crops in terms of the value added per unit of water consumption.
This ratio is given by the following relation:
where CA j is the comparative advantage ratio for a given state j, VA sc is the added value for sugarcane, VA sx is the added value for the sector or crop compared with sugarcane production, WF sc is the water footprint driven by sugarcane production, and WF sx is the water footprint due to the production of the crop. We obtained the added value for each crop from the MRIO table.
The purpose of using this ratio is to assess the water footprint of sugarcane driven by ethanol production from a broader nexus perspective. We evaluated the competing uses of water with other crops or agricultural sectors, focusing on total water consumption and the added value of sugarcane. Since the core of the ethanol water footprint is associated with the agricultural stage of the supply chain, we assumed that any potential growth in bioethanol demand, either domestic or international, will drive the demand for sugarcane production and thus will increase the demand for water.
For the purposes of this investigation, we compared the production of sugarcane with other main crops cultivated in Brazil, namely rice, corn, and soybean. In addition, we also compared sugarcane to the total agricultural production (the sum of all agricultural sectors of the MRIO table). A CA value above 1.0 implies that the production of sugarcane in this specific state is more competitive in terms of the value added per unit of water consumption than the production of other crops. We applied this ratio separately for the consumptive uses of water; green and blue water footprint.
Results

Inter-State Virtual Water Flows
In 2010, the total water consumption of sugarcane production in Brazil was estimated as 101 billion m 3 , of which 54 billion m 3 was virtually traded across Brazil. Over 2.5 billion m 3 of virtual blue water associated with sugarcane production was traded across Brazil. In addition, the virtual green and grey water flows were 48 billion m 3 and 4.1 billion m 3 , respectively. It is worth noting that the grey water footprint triggered by sugarcane production is 64% higher than its blue water footprint, a significant amount that has to be taken into account when comprehensively assessing total water appropriation due to water pollution by sugarcane and ethanol production. Figure 1 shows the virtual water traded by the top exporters and importers of virtual water associated with sugarcane production. São Paulo, the richest state in Brazil and the largest producer of ethanol, responsible for 51% of the production, shows a higher production-based water footprint than its consumption-based water footprint, which leads the state to be a net exporter of green, blue, and grey water. Just by itself, this state has a consumption-based green water footprint of 36.6 billion m 3 (41% of the national), 1.5 billion m 3 (36%) of blue water footprint, and 3.1 billion m 3 (41%) of grey water footprint. On the other hand, the state has a production-based green water footprint of 48 billion m 3 (55%), 1.7 billion m 3 (39%) of blue water footprint, and 4.2 billion m 3 (55%) of grey water footprint. However, in terms of blue water, the top exporters are Goiás and Matto Grosso do Sul with 0.607 billion m 3 (46%) and 267 billion m 3 (20%), respectively, followed by São Paulo and Alagoas, in the arid Northeast, with 114 million m 3 . This can be explained by the fact that most of the production in São Paulo state is rainfed, while more than half of the irrigated sugarcane production occurs in the dry Northeast [9] , Goiás, and Matto Grosso do Sul.
The major importers of virtual green water associated with sugarcane production are Rio de Janeiro with 6.2 billion m 3 (25%), followed by Rio Grande do Sul with 3.7 billion m 3 (15%), Bahia with 3.1 billion m 3 (12%), Santa Catarina with 2.4 billion m 3 (9%), Ceará with 1.5 billion m 3 (6.2%), and Pará with 1.4 billion m 3 (5.8%) of green water. Rio de Janeiro is also the largest importer of blue water and grey water with 300 m 3 and 350 million m 3 , respectively, followed by other Southern states such as Parana, Rio Grande do Sul, and Santa Catarina. For these states, their total consumptive water footprint is much larger than their local water consumption, due to the large import of ethanol, sugar, and other products from sugarcane for domestic consumption.
Thanks to the level of disaggregation of the MRIO table, we were able to uncover the water consumption by sugarcane for ethanol production vs. the total water footprint of sugarcane production. The blue water footprint of sugar cane production driven by ethanol was 1 billion m 3 , (23% of the total blue water footprint driven by sugarcane and 6.5% of total agricultural blue water footprint in Brazil), which is 4.7 and 4.6 times higher than the blue water footprint of power generation and primary energy sectors, respectively. The green water footprint was 21.7 billion m 3 and the grey water footprint 1.8 billion m 3 . Figure 2 shows the distribution of the regional water footprint among sugar, bioethanol, and "others" for the top ten states with the highest blue and green water footprint. On average, the largest share of the total footprint from sugarcane is due to sugar production accounting for 64%, whereas ethanol production is responsible for 24%, equivalent to 24.5 billion m 3 total water footprint. However, in terms of blue water, the top exporters are Goiás and Matto Grosso do Sul with 0.607 billion m 3 (46%) and 267 billion m 3 (20%), respectively, followed by São Paulo and Alagoas, in the arid Northeast, with 114 million m 3 . This can be explained by the fact that most of the production in São Paulo state is rainfed, while more than half of the irrigated sugarcane production occurs in the dry Northeast [9] , Goiás, and Matto Grosso do Sul.
Thanks to the level of disaggregation of the MRIO table, we were able to uncover the water consumption by sugarcane for ethanol production vs. the total water footprint of sugarcane production. The blue water footprint of sugar cane production driven by ethanol was 1 billion m 3 , (23% of the total blue water footprint driven by sugarcane and 6.5% of total agricultural blue water footprint in Brazil), which is 4.7 and 4.6 times higher than the blue water footprint of power generation and primary energy sectors, respectively. The green water footprint was 21.7 billion m 3 and the grey water footprint 1.8 billion m 3 . Figure 2 shows the distribution of the regional water footprint among sugar, bioethanol, and "others" for the top ten states with the highest blue and green water footprint. On average, the largest share of the total footprint from sugarcane is due to sugar production accounting for 64%, whereas ethanol production is responsible for 24%, equivalent to 24.5 billion m 3 total water footprint. Sustainability 2017, 9, 2049 9 of 18 Our results also show that 13.5 billion m 3 of virtual total water, including green, blue, and grey water, were traded across the 27 Brazilian states, representing 54% of the total water footprint driven by ethanol production. Figure 3 presents the top water and scarce water importers and exporters in Brazil due to ethanol production. With regard to the virtual blue water footprint, the states with higher rates of irrigated sugarcane production lead the ranking. Goiás is the top exporter of blue water with 45% of the total, followed by Mato Grosso do Sul (23%) and São Paulo (16%). The top importers are Rio de Janeiro with 22% of the total, and the Southern states of Parana (16%), Rio Grande do Sul (13%), and Santa Catarina (8%). São Paulo is the largest exporter of green water with 52%, together with Goiás (18%), Mato Grosso (17%), and Mato Grosso do Sul (8%). The major importers of green water are Rio de Janeiro with 24% of the national, followed by Rio Grande do Sul (14%) and Bahia (12%). Our results also show that 13.5 billion m 3 of virtual total water, including green, blue, and grey water, were traded across the 27 Brazilian states, representing 54% of the total water footprint driven by ethanol production. Figure 3 presents the top water and scarce water importers and exporters in Brazil due to ethanol production. With regard to the virtual blue water footprint, the states with higher rates of irrigated sugarcane production lead the ranking. Goiás is the top exporter of blue water with 45% of the total, followed by Mato Grosso do Sul (23%) and São Paulo (16%). The top importers are Rio de Janeiro with 22% of the total, and the Southern states of Parana (16%), Rio Grande'do Sul (13%), and Santa Catarina (8%). São Paulo is the largest exporter of green water with 52%, together with Goiás (18%), Mato Grosso (17%), and Mato Grosso do Sul (8%). The major importers of green water are Rio de Janeiro with 24% of the national, followed by Rio Grande do Sul (14%) and Bahia (12%). Our results also show that 13.5 billion m 3 of virtual total water, including green, blue, and grey water, were traded across the 27 Brazilian states, representing 54% of the total water footprint driven by ethanol production. Figure 3 presents the top water and scarce water importers and exporters in Brazil due to ethanol production. With regard to the virtual blue water footprint, the states with higher rates of irrigated sugarcane production lead the ranking. Goiás is the top exporter of blue water with 45% of the total, followed by Mato Grosso do Sul (23%) and São Paulo (16%). The top importers are Rio de Janeiro with 22% of the total, and the Southern states of Parana (16%), Rio Grande do Sul (13%), and Santa Catarina (8%). São Paulo is the largest exporter of green water with 52%, together with Goiás (18%), Mato Grosso (17%), and Mato Grosso do Sul (8%). The major importers of green water are Rio de Janeiro with 24% of the national, followed by Rio Grande do Sul (14%) and Bahia (12%). In terms of virtual grey water associated with bioethanol production, as could be expected, São Paulo was the largest exporter (52%), while from the import side, Rio de Janeiro was the largest importer (24%).
In general, some of the major virtual water importers like Rio Grande do Sul, Bahia, and Ceará, which face severe to critical water scarcity conditions, are benefitting from importing virtual water from main producer states, alleviating the potential pressure on their own water resources if the equivalent production of ethanol would have to be produced domestically.
The distribution of virtual water flows changes significantly when we focus on the scarce water footprint and virtual scarce water. A total of 6.7 billion m 3 of virtual scarce water associated with sugar cane production was traded across Brazil. This amount represents 12% of the total scarce water footprint of sugarcane, equivalent to 10.5 billion m 3 , and around 63% of the total freshwater footprint of sugarcane production. Regarding bioethanol, as shown in Figure 3 , in 2010, a total of 1.5 billion m 3 of total virtual scarce water was traded across Brazilian states driven by ethanol production, accounting for 63% of the total scarce water footprint of 2.3 billion m 3 . This value represents 11% of total virtual water traded at the national level due to ethanol production, and importantly, most of the flows originated in states with critical or highly critical water scarcity. Therefore, accounting for the production-based versus consumption-based water footprint at these states might become relevant when assessing the impacts of bioethanol production and considering competing uses of water resources with other users or other crops at the local scale. For instance, in Alagoas, a critically water stressed state, the export of virtual scarce blue water from ethanol production to other states was equivalent to 71.9% of the total blue freshwater exported to other states.
The top exporter of virtual scarce green water from bioethanol production is Pernambuco with 40%, followed by Alagoas (20%) and Goiás (19%). The main importers of green scarce water are Rio de Janeiro (20%), Parana (12%), and Rio Grande do Sul (12%). Our results indicate that water-rich states impose water pressure on water scarce states through importing virtual scarce green water for ethanol production, from states with limited water availability.
Similarly, for virtual blue water exchanges, three water scarce states are ranked as the top exporters associated with ethanol: Goiás with 39%, followed by Pernambuco (23%) and Alagoas (22%); whereas the top six net virtual water importing states are Rio de Janeiro at the top with 18% of the total followed by São Paulo (15%), Parana (14%), and Minas Gerais (12%). The distribution for virtual scarce grey water follows a similar pattern. Figure 4 traces the start to endpoint of virtual water and virtual scarce water via inter-regional trade across Brazil. When looking at the scarce blue water flows from ethanol, Goiás, Pernambuco, and Alagoas are the main exporters, mostly to other water-rich states. São Paulo, as the second top net importer after Rio de Janeiro, is driving the largest flows from other water-scarce states in the Semiarid Northeast. Goiás is virtually exporting the largest flow of 52 million m 3 to São Paulo and to others states in the center and the southeast regions such as Minas Gerais, Parana, Rio Grande do Sul, or Santa Catarina.
Regarding scarce green water flows driven by ethanol, the same three states are the net exporters driven by the demand from São Paulo, but also from other water abundant states such us Minas Gerais, Parana, Rio de Janeiro, Santa Catarina, or Mato Grosso do Sul. São Paulo is the top exporter with the greatest flow of 990 million m 3 to Rio de Janeiro, equivalent to 18% of its total virtual water exports to other states.
The flow distribution for virtual grey scarce water driven by ethanol is similar to the one for scarce blue water, but São Paulo is the net exporter, with its highest export flow to Rio de Janeiro and driving the same time virtual water flows from other states, including the top three water scarce exporters. Alagoas, in the Semiarid Northeast, as in the case of the virtual blue water, remains a net exporter of grey water. Regarding scarce green water flows driven by ethanol, the same three states are the net exporters driven by the demand from São Paulo, but also from other water abundant states such us Minas Gerais, Parana, Rio de Janeiro, Santa Catarina, or Mato Grosso do Sul. São Paulo is the top exporter with the greatest flow of 990 million m 3 to Rio de Janeiro, equivalent to 18% of its total virtual water exports to other states.
The flow distribution for virtual grey scarce water driven by ethanol is similar to the one for scarce blue water, but São Paulo is the net exporter, with its highest export flow to Rio de Janeiro and driving the same time virtual water flows from other states, including the top three water scarce exporters. Alagoas, in the Semiarid Northeast, as in the case of the virtual blue water, remains a net exporter of grey water. 
Virtual Water and Scarce Virtual Water Flows Driven by Internatioanal Trade
Given the importance of Brazil in the global markets for biofuels and the expected increasing demand in the upcoming years, especially in the context of ongoing international climate change mitigation like the INDCs, it is also important to assess the proportion of the water footprint driven by international exports of ethanol. Figure 5 shows net importers or exporters of virtual water triggered by Brazilian exports of ethanol. Figure 6 displays the distribution for the water footprint of international exports and the domestic consumption by the top six production-based water consumer states for both total freshwater and scarce water. The total blue water associated ethanol consumption triggered by international export is 290 million m 3 (29% of the total blue water footprint of ethanol). The total green water footprint driven by ethanol exports is 3.5 billion m 3 (16% of the total green water footprint of ethanol), from which only 17% were traded among states. The total grey water totals 306 million m 3 (16% of the ethanol's total grey water footprint).
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Ethanol exports also drive the water footprint in other important producer states. However, as shown in Figure 5 , most of the water footprint by exports in these states is induced by São Paulo, which is the top net importer of virtual water driven by international exports and thus triggers a significant water footprint in other states through importing ethanol to re-export or as an input to produce other export goods. In contrast, in terms of the value added triggered by its international exports, São Paulo received 85% of the total value added, while other virtual water exporter states such as Pernambuco, Bahia, and Alagoas received just 0.1%, 0.06%, and 0.7%, respectively. Rio de Janeiro, another important virtual water importer, retains over 8.8% of the total value added by international exports of ethanol. This is particularly relevant to consider for highly water stressed states such as Goiás, Pernambuco, Bahia, and Alagoas, which, as shown in Figure 6 , are among the top six states with the highest shares of green, blue, or grey scarce water footprint associated with international exports but receive a low share of value added in return. In other words, richer states such as São Paulo benefit with a higher economic value added from exporting ethanol or products that use ethanol as part of their production chain while impacting water availability in poorer states through importing virtual scarce water from them.
Water Scarcity and Comparative Advantage of Sugarcane Production
Finally, in order to have a more comprehensive and nexus (energy-food) perspective, we evaluated the competing uses of water with other crops and sectors through a comparative advantage assessment that relates the water footprint with the value added by different competing crops and sugarcane production. In Table 2 , we summarize the results for the comparative advantage assessment between the production of sugarcane and other crops for the top ten states with the largest production-based water consumption. The results in Table 2 show the values for the CA coefficient referred to in Equation (5). When looking at the results for the green water footprint, six out of the ten selected states show a comparative advantage for sugarcane production compared to other crops (CA higher than 1.0). The states with the lowest values of CA are for two extremely dry and water stressed states, Pernambuco and Paraíba.
In contrast, when focusing on the results relative to blue water consumption, all the selected states, with the exception of Pernambuco, show a relative competitive disadvantage for sugarcane production compared to other crops (CA lower than 1.0). Only when compared to rice, we find four states-São Paulo, Mato Grosso do Sul, Alagoas, and Pernambuco-where producing sugarcane has a higher relative comparative advantage; explained by the higher blue water intensity of rice cultivation.
The inter-state comparison provides some interesting results. With regard to the green water footprint, Mato Grosso do Sul has the highest CA value (2.27) compared to all crops, while it has one of the lowest CA rates (0.32) for blue water. Mato Grosso do Sul is among the top ten agricultural states in Brazil but has lower rates of irrigated agriculture than other main producers such as Goiás, Minas Gerais, or Mato Grosso, so the CA values indicate that sugarcane production has a higher competitive advantage in this state and could be favored over other crops when not depending on a new irrigated area and thus water for irrigation should be limited to crops with a higher comparative advantage. Goiás and Alagoas, two of the main sugarcane producers that also cope with worrisome and very critical water stress conditions, present similar values.
The opposite situation can be found in Pernambuco, where CA values for green water are among the lowest (0.56), but it is the only state with a CA value (1.15), indicating that even though the state is critically water stressed, sugarcane could still be prioritized over other crops when assigning limited water resources for irrigation.
When focusing on intra-state results, it is interesting to see how São Paulo, where sugarcane production is predominantly rain fed, has a comparative advantage over rice (1.06), corn (2.27), or soy (2.03) when considering the results for the green water footprint, and only over rice production (1.32) when assessing the CA related to the blue water footprint. On the other hand, Alagoas is the only state with a competitive advantage for sugarcane production over soy cultivation relative to blue water consumption, in contrast to the results against total agricultural production, explained by higher rates of irrigated agriculture with sugarcane as the dominant irrigated crop.
In light of these results, when focusing on the competitive advantage related to the green water footprint, the production of sugarcane has a competitive advantage over the cultivation of rice, corn, or soy in some of the Brazilian states, whereas its production has a clear competitive disadvantage when considering the results for the blue water footprint. Taking into consideration that the green water footprint is usually associated with rainfed crops while the blue water footprint is commonly related to irrigated agricultural production, this implies that the production of sugarcane as a rainfed crop is more competitive than other food or feed crops in some of the states, while irrigated sugarcane is less competitive than other crops such as rice, corn, or soybean. For irrigated agriculture, more competitive crops than sugarcane should be prioritized when planning the expansion of new agricultural systems.
Overall, the results seem to show a clear tradeoff between water footprint and land use expressed by the opposite general trends of green water and blue water results. While favoring rainfed agriculture for sugarcane and potentially having a positive impact in terms of a lower water consumption through irrigation, this may also imply the need for greater land areas dedicated to sugarcane, appropriating land that could be used for pastures or other crops.
Finally, we compared the CA values of sugarcane production with other economic sectors than crops to have a broader vision from a nexus perspective. For that purpose, we assessed the results for the blue water footprint, as water for irrigation is the agricultural consumptive use competing with other non-agricultural uses of water, through the use of infrastructure that withdraws water from the environment. As could be expected and shown in Table 3 the sugarcane production has a clear competitive disadvantage when compared to most non-agricultural sectors as primary energy, power generation, or livestock. Only, with a few exceptions (Goiás, Matto Grosso do Sul, Tocantins, and Paraíba), when compared to the the water and sanitation sector does it have a competitive advantage. It can be explained by the nature of the residential water supply as a public service, which is often subsidized and in most cases is not associated with any economic activity. 
Discussion and Conclusions
Given the uneven spatial distribution of water availability and scarcity in Brazil, decision-making related to biofuel sector planning and climate change policy should take into consideration not only on-site water demand by bioenergy production, but also the virtual water traded across the country and its spatial distribution. This is especially relevant under ongoing international climate change mitigation negotiations and agreements that may very well increase the demand of biofuel production in Brazil as a major player in the global biofuel markets.
By using an environmentally extended MRIO model through the incorporation of water consumption and water scarcity, we uncover the green, blue, and grey water footprints of sugarcane-based ethanol production in Brazil and its interregional virtual water flows spatially distributed at the state level. This work contributes to the existing literature on virtual water research on biofuels in Brazil by providing a comprehensive account of the total appropriation of water by biofuel production, including the associated water pollution discharges to the environment. In addition, this research allows disaggregation at the sectoral level from sugarcane to ethanol production, and to track flows of virtual water and scarce water from production to consumption within the supply chains across Brazilian states. Our results show that the major share of the water footprint of sugarcane production is driven by sugar and other processed food production, while ethanol is responsible for less than one third of the total sugarcane water footprint.
According to our estimates for 2010, 54 billion m 3 of total virtual water driven by sugarcane production was traded across Brazil, accounting for 54.3% of the total water footprint. From this total, the green water footprint accounted for 48 billion m 3 , the blue water footprint for 2.5 billion m 3 , and the grey water footprint for 4.1 billion. It is worth noting that the grey water footprint was 64% higher than the blue water footprint, which supports our initial argument about the importance of including the grey water footprint in water footprint assessments in order to avoid an underestimation of actual water appropriation by a given sector or economic activity.
From the water footprint of sugarcane, we uncovered the total water footprint of sugarcane-based bioethanol. We found that São Paulo is the largest exporter of green and grey water, with the biggest flows to its neighbor state, Rio de Janeiro, which is the largest importer of virtual water. At the same time, São Paulo is a net importer of water from other water stressed states such as Goiás and Alagoas. Regarding the blue water virtual flows, we found that Goiás, a water stressed state, is the largest exporter with its biggest flow to São Paulo, which is benefiting by the use of scarce blue water from Goiás for its economic activities.
We also found that inter-regional flows of virtual water associated with bioethanol production are significantly different when considering water scarcity. Our results show that the three water stressed states Goiás, Pernambuco, and Alagoas led the rank of scarce green, blue, and grey water, which is mainly driven by consumption and production activities in São Paulo and other water abundant states in the southern-center region. Rio Grande do Sul, the only water scarce state in the southern region, with a richer economy, is a net importer of scarce water from Goiás and from other poorer and critically water stressed states in the semiarid northeast such as Alagoas and Pernambuco.
Interestingly, when focusing on the water footprint driven by international exports, we found that most of the virtual water is driven by São Paulo, which, as the main producer and exporter of ethanol, is triggering significant water consumption in other states through importing ethanol to re-export or as an input to produce other goods for export. However, the main share (85%) of the economic added value associated with these exports remained in São Paulo, while Pernambuco and Alagoas received in return only 0.1% and the 0.7% of the added value triggered by the international exports of ethanol, respectively.
Finally, we used our model to assess the competitive advantage of sugarcane production compared to other crops relative to the value added per unit of green and blue water footprint. By doing so, we evaluated the production of sugarcane from a broader land-energy-water nexus perspective to better understand the competition for water use among sugarcane and other crops. We show that producing sugarcane has a competitive advantage over the cultivation of soy, corn, or rice in some of the states related to the use of green water, while related to the blue water footprint, the production of sugarcane is less competitive in most cases in terms of the added value per cubic meter of blue water consumed. This could be a critical part of water management in Brazil given the potentially significant expansion of biofuel production at the national level. This is especially pertinent in the context of the southeast, particularly in the state of São Paulo where 90 percent of the sugarcane production occurs, which is mostly rainfed, where land and water are being used fully and therefore there is very limited expansion possibility in that region. This may imply that any potential expansion of sugarcane in other regions such as the northeast, where half of the production is already irrigated due to the lack of available cropland and limited water availability, will occur by expanding irrigation systems increasing the competition for water between sugarcane and other suitable crops, as well as residential consumption, as shown by our results for the comparative advantage with non-agricultural sectors. This important potential implication merits further investigation.
As a final concluding remark of this study, to better inform biofuel-related policies and planning in Brazil, further research is needed to further understand the tradeoffs between water and land use impacts of bioenergy production in Brazil; to explore how future policy scenarios for biofuel production and global demand scenarios under international climate mitigation agreements could aggravate these impacts; and to develop deeper and finer resolution analyses of those impacts and tradeoffs in water scarcer regions with greater potential for bioenergy expansion to enhance efforts in sustainable water infrastructure and irrigation planning.
